A frequent problem in the production of metallocene linear low-density polyethylene (mLLDPE) films is the occurrence of flow instabilities, e.g. sharkskin, or degradation of material, which limit the production rate and decrease the product quality. If such problems arise, the question is what causes these phenomena and how they can be avoided. With the aim of understanding these problems and providing some guidelines for their suppression, rheological measurements together with modelling of these melt flows are often employed. In the present study, flow behaviour of two commercially available mLLDPEs was determined and used for the process simulation. The paper shows that the capillary-rheology data together with 2D finite element method can be used for the prediction of sharkskin phenomenon as well as degradation of mLLDPE melts in film blowing dies. It also reveals that the degradation of the materials in these dies can be quantified through wall shear stress. Finally, the paper describes how these findings can help optimize the flow channel in the film blowing die to avoid the undesirable flow phenomena.
INTRODUCTION
Film blowing is a widely used process in film making. The film is produced by extruding material from an annular die and then extensionally stretching the molten polymer over a mandrel of air trapped inside the blown film bubble. During the process the polymer is cooled by radiation of heat to the vicinity and forced convection from external air rings as well as, in many cases, by internal bubble cooling distributors. The efficiency of film blowing process, however, is limited by the occurrence of flow instabilities above a certain (critical) production rate. These give rise to extrudate defects, such as surface melt fracture, which is a relatively smallscale surface roughness usually called "sharkskin". It has been a topic of intensive investigation for the past five decades and a number of papers have been published in this area [1 -15] . This occurs just as the melt leaves the die and poses a major problem in the extrusion of linear polymers for film blowing. It has been shown that sharkskin is associated with cracking of the melt surface in response to the local concentration of stress that occurs as the melt pulls free of die wall.
Another problem of polymer processing is the material degradation, which can be caused by excessive temperature, residence time, shear stress, or any combination of the above [16 -17] . A very good review of polymer degradation in the processing can be found in [18] .
The present work has got two objectives: firstly, to investigate predictability of the sharkskin phenomenon in film blowing dies from the critical wall shear stress obtained through capillary measurements, together with 2D Finite Element Method (FEM), and secondly, to see if polymer degradation can be quantified from the minimum wall shear stress point of view.
EXPERIMENTAL
The research had three levels: rheological measurements of the materials and film blowing experiments were carried out and the data was used in process simulation.
RHEOLOGICAL MEASUREMENTS
Rheological measurements were performed for two metallocene resins whose processibility was improved in different ways: mLLDPE Exact (low level of long-chain branching) and mLLDPE Exceed (slip additive). The shear viscosity data was determined on Rheometrics parallel-plates rheometer ARES (low shear rates) and on an RH7-2 capillary rheometer produced by Rosand Precision Ltd. (high shear rates). The measurements were carried out at 150˚C (Exceed) and 170˚C (Exact) as depict in Fig. 1 . These two different temperatures were chosen because they were the highest temperatures for the particular materials to provide visible flow instabilities under the real conditions at film blowing. Based on visual evaluations of the polymer surfaces at different flow rates, critical wall shear stresses were determined. In general, if the polymer fluid generates higher wall shear stress than the critical one, the melt fracture occurs.
The following critical wall shear stresses for polymers used in this work were determined on the capillary rheometer:
I mLLDPE Exact: t xy_critical = 180 kPa (T = 170˚C) I mLLDPE Exceed: t xy_critical = 320 kPa (T = 150˚C)
FILM BLOWING EXPERIMENT

EQUIPMENT
The experiments were performed on a laboratory film blowing line equipped with a 32mm-diameter screw extruder. The spider die's exit diameter was 57.6 mm. A standard air ring, nip and 
First, the mass flow rate characteristics of the extruder were evaluated for the conditions given above; a sample graph for Exact is given in Fig. 3 .
As can be seen, the dependence is linear. The characteristics in general were found to be practically independent of the type of material and the melt temperature. At the film blowing experiment, the line was started and allowed to reach a steady-state flow at the rate of 0.15 kg/h. Upon exiting the die, the annular extrudate was blown and cooled by an air ring while it was pulled upward by the nips, winder used for blown film lines were utilized to produce the samples. The experiments were performed on an annular spider die with extremely small gap of 0.3 mm (Fig. 2 ).
PROCEDURE
The conditions for film blowing process were chosen with the purpose to reveal the transition from stable to unstable material flow. The four extruder sections (from the hopper to the die) were heated to the following temperatures: and a sample was taken. The mass flow rate was then changed to 0.3 kg/h and again a sample was collected. This was repeated for various rates (Tab. 1 and 2) up to about 10 kg/h, when the melt fracture was clearly visible. The above procedure was carried out for different process conditions and materials mentioned above.
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PHENOMENA ASSESSED
The results of the experiments are summarized in Tab. 1 and 2. Here, S is used to present a stable state (no sharkskin), while U represents an unstable state. The SU is used to denote the indeterminate transition area from stable to unstable flow. In the experiments three types of the surface defects were observed, which are shown in figures: I Melt fracture (Figs. 4 and 5 ) I Polymer degradation (Fig. 6 ) I Weld lines (Fig. 7) The results of rheological measurements and film blowing experiments are analyzed in the following section. 
Flow Flow
SIMULATION, RESULTS ANALYSIS AND DISCUSSIONS
The experiments were simulated using a commercially available FEM software package, Flow 2000 [19] . This simulation provides an estimate of difficult-to-measure variables, which may be correlated to the phenomena experimentally found in this work as, for example, local shear stresses. In the study presented, a well-known Carreau-Yasuda model is used to describe the measured shear viscosity data. It takes the following form:
where h o is Newtonian viscosity, II D stands for the second invariant of the deformation rate tensor, l means the relaxation time, and n, a are numerical constants. The Carreau-Yasuda model parameters for investigated mLLDPE melts are summarized in Tab. 3.
MELT FRACTURE
The comparison of experimental and predicted results (Tab. 1 and 2) reveals that the experimental and calculated data is in acceptable agreement. Based on these results it can be stated that the critical wall shear stress, evaluated from the measurements on the capillary rheometer, can be used to detect melt fracture at film blowing dies. The results also suggest that the slip additive in mLLDPEs improves processibility better than the low level content of long-chain branching (the flow stability of Exceed is better than that of Exact). 
POLYMER DEGRADATION AND WELD LINES
As the first step in the problem solution, the thermal stability of mLLDPE melt was determined through measurements of the shear viscosity at low shear rate ( g · = 0.8 1/s) for different values of the pre-heat (residence) times, namely 67, 91, 164 and 256 min. It is commonly expected that any degradation of the melt due to increasing residence time will yield a change in the shear viscosity. It can be given as a relative change (2) where t is the residence time, h s,0 and h s (t) represent the shear viscosity for residence time equal to zero and t, respectively.
The thermal stability measured is presented in Fig. 8 . It is clearly visible from the graph that the degradation process starts at the residence time of 91 min (for the temperature of 170˚C). In this case, the crosslinking, as a result of degradation, yields an increase of the shear viscosity. It should be mentioned that crosslinking is a degradation mechanism in which molecules link or join together, resulting in increased highmolecular-weight portions [17] . Thus, crosslinking increases the polymer viscosity, which can manifest as gels (Fig. 6) .
With the purpose of revealing the origin of degraded polymer particles and weld lines visible on polymer film, the wall shear stress as well as the residence time close to the die body were (Fig.  9) . Such a low wall shear stress seems to cause the creation of a thin layer on the die wall (channeling), which moves very slowly (Fig. 10) . The calculated residence time in this case is 256 minutes. Thus, polymer degradation occurs in this area, as the time is much higher than 91 min revealed in the thermal stability test (see Fig. 8 ).
Weld line occurrence in the samples (Fig.  7) , on the other hand, can be explained by the fact that the polymer melt stream is split by the spider legs and the degradation of the material causes limited mobility of the molecules to reentangle upon melt streams joining at the end of the spider legs section.
With the aim of seeing how the residence time is connected with the wall shear stress in the spider legs area, simulations of modified spider dies with decreased channel width in this area were performed. An exponential relationship between the minimum wall shear stress and the particular residence time was found, as depicted in Fig. 8 . It means that degradation can be also discussed from the viewpoint of minimum wall shear stresses. In our case, the degradation occurs for wall shear stresses lower than 27 kPa (the residence time of 91 min).
To avoid the channeling phenomenon in the spider die, the flow channel has to be reduced to increase the wall shear stress up to at least 27 kPa at the spider legs area. This will decrease the residence time of the melt at the die wall, thus preventing the material from degradation. Similarly, to avoid the sharkskin phenomenon, the channel at the end of the die has to be open in such a way that the maximum shear stress at the end of the die will be lower than the critical one.
CONCLUSIONS
The research has shown that the critical wall shear stress, evaluated through measurements of capillary data, together with 2D FEM analysis, can be used to predict the sharkskin phenomenon as well as the degradation of mLLDPE melts in film blowing dies. Moreover, the flow simulation and the experimental results have revealed that the material degradation and the occurrence of the weld lines can be quantified by the minimum wall shear stress along the die body. In our case, the degradation of the melt in the flow channel disappeared at wall shear stress higher than 27 kPa.
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